To extend the application of the 20 mN class xenon ion engine which was used for north-south station keeping of a geosynchronous satellite--the engineering test satellite-VIII-, the ion thruster's thrust throttling performance was evaluated. The candidate target application is aerodynamic drag compensation of a super-low-altitude earth observation spacecraft. Performance test results show that the thruster, which passed through 12,000 h life test, exhibited a thrust throttling performance from 6 mN to 28 mN, although the thruster showed performance degradation from its initial performance before the life test. A power processing control unit is under development to meet the thrust throttling performance.
Nomenclature

Introduction
Electric propulsion devices such as ion engines and Hall thrusters have high specific impulse, long duration, and low static thrust. Such thrusters are being used for various applications such as north-south station keeping (NSSK), east-west station keeping, orbit-raising assistance of geosynchronous satellites, main propulsion of space probes, air drag freeing of low earth orbit satellites, and so on.
In Japan, the Hayabusa space probe of the Japan Aerospace Exploration Agency (JAXA) successfully reached the asteroid Itokawa and is on the way of the return to the earth. The spacecraft uses a microwave ion engine as its main propulsion 1) .
Mitsubishi Electric Corp. (MELCO) developed a 20 mN class Kaufman-type xenon ion engine for the Engineering Test
Satellite-VIII(ETS-VIII) under a contract with JAXA 2) . The ion engine, which is applied for NSSK maneuvering of the satellite, is under operation in geosynchronous orbit. The main specification of the ion engine is that it must provide over 20 mN of average thrust from the beginning of life (BOL) to the end of life (EOL), over 2,200 s of average Isp, for a lifetime longer than 16,000 h.
Based on the ion engine's success, JAXA has considered other applications for it. Consequently, JAXA has found a technique to realize a super-low-altitude satellite, which flies in the low orbit of an altitude of around 200 km, using the ion engine 3) . The satellite will use the new frozen orbit. On the new frozen orbit, the mean eccentricity vector can be kept almost constant by maintaining the average altitude of a certain range under air drag and geopotential terms. The ion engine must generate thrust intermittently. The thrust is balanced with the aerodynamic drag to maintain the satellite's altitude. This system is not complicated and is not expensive in comparison with drag free systems such as the European Gravity field and steady-state Ocean Circulation Explorer (GOCE) 4) . The ion propulsion system of GOCE can generate thrust with 12 µN of high resolution to compensate for the drag measured by the accelerometer. An earth observation satellite with an ion engine at super low altitude will bring many merits such as highly improved spatial resolution of optical sensors, drastic reduction of electric power consumption of synthetic aperture radar, and so on.
The aerodynamic drag depends on the air density and the spacecraft's surface area. Therefore, it is necessary to choose a nominal thrust level according to the spacecraft system design and the planned altitude. The possibility exists that the system will use our ion engine at a thrust level that is outside of the conventional use range. The super-low-altitude satellite will be required to have more than two years of lifetime. Therefore, the thruster lifetime will be required to be longer than 10,000 h. To confirm whether a thruster that has been used for more than 10,000 h can generate various thrust levels; we used a thruster which was put to the endurance test. To our knowledge, there is no literatures of the throttling performance of the Kaufman-type ion thruster that has passed a life test, although many reports describe throttling performance of new ion engines 4)- 7) . An ion engine subsystem configuration plan is presented in Fig. 1 . The subsystem consists of a primary thruster and a redundant one. Electric power and propellant are supplied to each thruster from its own power processing control unit (PPCU) and flow control valves. Off-the-shelf components will be used, except for the PPCU. The PPCU will supply electric power to a thruster and three flow control valves and communicate with the satellite controller. The requirement including the thrust level, operating configuration, and input power is now under consideration. The output of the ETS-VIII power processing unit was not flexible. Therefore, we must develop a PPCU with flexible output.
We describe extended performance test results of the 20 mN class ion thruster and the development status of the partial breadboard model (BBM) of the PPCU in this paper. 
Extended Performance Test of the Ion Thruster
Thruster Description
The ETS-VIII satellite uses gridded Kaufman-type ion thrusters with xenon as the propellant. The beam extraction grid diameter is 12 cm. A schematic diagram of the thruster is presented in Fig. 2 . The discharge chamber employs a main hollow cathode assembly (MHC) mounted in the cathode chamber, which consists of a baffle and a cathode-pole piece. Xenon is fed to the thruster by a main propellant feeder (MPF). A magnetic field is produced by 12 poles of permanent magnets located on the side of the discharge chamber and on the side of MHC. A three-grid extraction assembly is used to extract, focus, and align the individual beamlets that form the thrust beam. The screen and accelerator grids are dished molybdenum circular plates with 2149 holes and coated by ceramic on surface for anti-sputtering. The neutralizer hollow cathode assembly (NHC) is mounted on the side of the discharge chamber. The nominal thrust is from 19 mN to 22 mN as shown in Table 1 .
The ETS-VIII ion thruster EM was used in the extended performance test. The thruster had been used in the endurance test and the accumulated beam firing time was about 12,000 h. Consequently, the thruster showed performance degradation in comparison with the initial performance. A photograph of the thruster is depicted in Fig. 3 . 
Test Configuration
The thruster performance test was conducted in the vacuum facility of the 3 m diameter and 5 m long in JAXA. The facility has a cryo-panel at 50 K; the pumping speed of xenon gas is about 200-230 m 3 /s. The thruster, which was located in the sub chamber, was operated under ambient pressure of 8×10 -4 Pa (N 2 ) with xenon flow. The ion beam was irradiated on a floating target plate, which was mounted on the end wall of the chamber.
The thruster was operated using two units of powerprocessing-unit bench testing equipment for the ETS-VIII thruster development test. The power supply includes seven power modules (beam, acceleration, discharge, two keepers, and two heaters). The power supplies were operated manually.
The propellant feed system provided a controlled flow of xenon to the thruster through three separate feed lines, one each for MHC, MPF, and NHC. Each propellant flow rate was controlled independently using three commercial mass-flow controllers. Table 2 shows setting points under which the thruster performance test was conducted. 
Operating Conditions
Result
I b , V d , V ck , and V nk of the thruster were measured using commercial digital multimeters under the setting conditions. Performance data such as T, Isp, C i , and P were calculated using Eqs. (1)- (5) . The value of η T was assumed as 0.93.
To recognize the performance degradation of the thruster, the nominal operating point was measured as presented in Table 3 . The data before the life test were measured when the accumulated beam firing time was about 1000 h in the ETS-VIII ion thruster endurance test. The performance data after the life test were calculated using m NHC of 0.058 mg/s instead of 0.19 mg/s. The rate of the performance degradation is presented in Table 4 . Power consumption versus thrust, thrust versus power thrust ratio, and propellant utilization efficiency versus beam production cost are presented, respectively, in Figs. 4-6 . The typical operational parameters of 6 mN, 10 mN, 15 mN, and 28 mN of thrust level are portrayed in Table 5 . Results of the test are summarized as follows: 1. The thruster, which passed through 12,000 h endurance test, displayed throttling performance, although the thruster showed performance degradation in comparison with the initial performance. The thrust ranged from 6 mN to 28 mN by changing setting points such as the discharge current, beam voltage, and xenon flow rate. When the power consumption levels were 200 W, 300 W, 400 W, 600 W, and 800 W, the thrust levels were, respectively, 7 mN, 10 mN, 15 mN, 22 mN, and 28 mN. When the total propellant flow rate was inadequately supplied, the thrust level seemed to peak out.
Fig. 5. Thrust vs. power thrust ratio 2. P/T and C i steeply changed by a rise of the discharge voltage. We need to select the operating point in which the power consumption does not change widely in long duration. 3. We expect that the lifetime of the thruster will be greater than 10,000 h in the range of 10 mN to 28 mN because the discharge voltages were less than 35 V. The thruster life limitation factor is the screen grid erosion by the discharge chamber plasma. The erosion rate depends on the discharge voltage. The screen grid lifetime is over 10,000 h when the discharge voltage is less than 35V from the ETS-VIII ion thruster development experience.
Fig. 6. Propellant utilization efficiency vs. beam production cost 
Development Status of PPCU
PPCU description
In accordance with the operational sequence, the PPCU will supply electric power to the thruster and flow control valves. The PPCU will consist of primary bus interfaces and signal interfaces, a field-programmable gate array, and nine power supplies such as high-voltage beam power supply, an acceleration power supply, a main discharge power supply, heater power supplies of two hollow cathodes, keepers of the two hollow cathodes, flow controller power supplies and an auxiliary power supply, as portrayed in Fig. 7 . The PPCU output requirement is shown in Table 6 . The ion engine will have six operational modes such as the idling mode of two hollow cathodes, the activation mode of two hollow cathodes, the NHC operating mode, the main discharge mode, the beam firing mode, and the propellant purge mode. In the idling mode, the cathode inserts of two hollow cathodes are maintained in a low temperature for degassing without xenon. In the activation mode, cathode inserts of two hollow cathodes are maintained in a high temperature for their activation without xenon. In the NHC operating mode, xenon and electric power are supplied to the NHC, and discharge is maintained between the cathode insert and keeper electrode. In the main discharge mode, xenon and electric power are supplied to the MHC and the main discharge chamber anode, and the main discharge between the cathode insert of the MHC and the anode is ignited and maintained. In the beam firing mode, the thruster maintains the neutralizer keeper discharge and main discharge, and produces an ion jet according to the satellite controller command. In the purge mode, the latching valves and the flow control valves are opened, respectively, using electric power from the satellite driver and the PPCU. The purge mode will be used to dry feed lines by flowing dry xenon gas before operations in orbit and exhausting residual xenon after all operations in orbit. 
PS8
According to valves control method
PPCU-BBM
High-voltage power supplies such as PS1 and PS2 and the control unit were designed and fabricated as a partial PPCU-BBM. A photograph of it is depicted in Fig. 8 The performance of the partial PPCU-BBM is being evaluated. After evaluating the high-voltage power supplies, other power supplies will be designed and fabricated. A coupling test between the PPCU-BBM and the thruster will be performed in the near future. 
Conclusion
To extend application of the 20 mN class xenon ion engine, which was used for NSSK maneuver of ETS-VIII, the thrust throttling performance of an ion thruster that had passed a 12,000 h life test, was evaluated. The candidate target application is aerodynamic drag compensation of an earth observation spacecraft. Results of the performance test show that the thrust throttling performance from 6 mN to 28 mN by changing setting points such as the beam voltage, the discharge current, and the xenon flow rate. A power processing control unit is under development to meet the thruster performance. High voltage power supplies and a control unit were designed and fabricated as partial PPCU-BBM. Now the performance of the partial PPCU-BBM is being evaluated. After evaluating the high-voltage power supplies, other power supplies will be designed and fabricated. A coupling test between the PPCU-BBM and the thruster will be performed in the near future. Although the spacecraft system requirements are not determined by now, we will find a solution for the system.
